We investigated polarized emission from a GaN-based ultraviolet light-emitting diode (UV-LED) with a subwavelength grating (SWG) on the surface. The electroluminescence (EL) spectra showed that the UV-LED exhibits high polarization selectivity, as high as s-polarization: p-polarization = 4:1 at a wavelength of 360 nm. The polarized EL characteristics were discussed by the theoretical consideration of Bloch modes resulting from the spatial periodicity of the refractive index in the SWG region and also by finite difference time domain calculations to explore the electromagnetic field. We succeeded in demonstrating the feasibility of a highly polarized UV-LED grown on c-plane sapphire. 
Introduction
Highly polarized UV emission devices were expected to develop various applications, such as a photoalignment device for liquid crystals, a high-resolution imaging device, and a highly sensitive sensor. 1, 2) A compact polarization control device with high transmittance is required to develop integrated devices for these applications, and various attempts have been made for their realization. [3] [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] A polarizing plate, which was composed of glass, plastic, and metallic wire grids, [3] [4] [5] [6] [7] [8] is generally used to control device polarization. The area scale of the polarizing plate, which is more than a square centimeter order, is very large for integrated devices.
Particularly in the UV region, the transmittances of both the metallic wire grid and the plastic film polarizer are very low owing to the large photon absorption in the metal or polymer. Thus, a suitable polarizer for the UV region is still not reported.
UV-light-emitting diodes (LEDs) are suitable for integration, and nitride-based UV-LEDs have been developed. Conventional nitride-based UV-LEDs were grown on c-plane sapphire and emitted unpolarized light. [9, 10] Although the polarized emission characteristics of nonpolar or semipolar GaN-based LEDs were reported, [11] [12] [13] [14] the power of emission was low owing to the poor quality of the nonpolar or semipolar film grown by heteroepitaxy using r-plane sapphire, compared with that from a LED grown on c-plane sapphire. Recently, another method used to control the polarization using photonic crystals has also been applied to 470 nm emission from GaN-based LEDs. 15) However, this method is not suitable for device integration, owing to the large size and complex design of the devices.
One of the candidate devices for resolving the issue for integration, high polarization, and high transmittance is the device using a high-contrast dielectric subwavelength 3 grating (SWG). [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In the SWG, the pitch of the grating is shorter than the incident wavelength. The Bloch-like eigenmodes within the SWG region resulting from the spatial periodicity of the refractive index distribution interact with the incident light. [18] [19] [20] 22) As a result, the desirable optical characteristics such as broadband high reflectivity [18] [19] [20] [21] 24, 25, 27) and polarization selectivity 16, 17, 23, 26, 28) are obtained with optimized structures. This method is preferable for fabricating integrated devices, because the SWG can be fabricated on conventional LED devices with a lithography technique.
Also, the high transmittance in those devices is maintained owing to the absence of metal or polymer absorption in the UV region. Thus, the SWG is suitable for the realization of polarized UV emission.
In this paper, we report the optical characteristics of a nitride-based UV-LED with an SWG, grown on c-sapphire in order to investigate the effect of an SWG on the polarization property of the UV-LED. The electromagnetic distributions within the SWG were examined in order to interpret the interaction between the incident light and the Bloch eigenmodes by the finite difference time domain (FDTD) method. The optimized structure was fabricated on top of the UV-LED by electron beam lithography and inductively coupled plasma (ICP) etching. Electroluminescence (EL) spectra of the UV-LED with the SWG were measured, and the SWG optical characteristics were discussed. 4 
Experimental procedure
A UV-LED was fabricated on a c-plane sapphire substrate by a metal organic chemical vapor deposition technique. The UV-LED had a 100-nm-thick p-GaN layer, a p-AlGaN layer, AlInGaN/AlGaN multiquantum wells, and n-AlGaN and n-GaN layers on an undoped GaN layer. The emission spectral peak was observed near the wavelength of 365 nm.
The SWG was fabricated by electron beam lithography and ICP etching as follows.
First, a resist (ZEP-520A) was diluted with anisole to 1:1, and the resist film with a thickness of about 100nm was spin-coated onto the sample surface at 3000 rpm for 90 s.
Secondly, the grating pattern, which has a 200 nm pitch and a grating bar width of 140 nm, was drawn on top of the UV-LED using electron beams with an acceleration voltage of 50 keV, and the pattern was developed by ZED-50N at 293 K for 15 s. After that, a 50 nm Ni film used as the mask for ICP etching was evaporated, and the resist was removed. In the ICP etching, SiCl4, Cl2, and Ar gases were used. The Ni film was removed by using HF aqua after the ICP process. Finally, a Au/Ni p-contact film with a thickness of 20 nm was evaporated as an electrode, and the sample was annealed to activate a p-type GaN layer. Figure 1 shows the UV-LED structure with the SWG. The grating area size was 1 × 1 mm 2 . The bird's-eye view of the cross section of the SWG fabricated on top of the UV-LED is shown in Fig. 2 . The grating pitch and thickness were 200 and 150 nm, respectively, and the SWG was trapezoidal. The EL spectra at a forward current of 20 mA were measured for transverse electric polarization (s-polarization), in which the electric field is parallel to grating fingers, or transverse magnetic polarization (p-polarization), in which the electric field is perpendicular to grating fingers. 
Results and discussion
We show EL spectra from conventional UV-LEDs in Figs. 3(a) and 3(b). In Fig. 3 , open circles indicate the intensity of s-polarization emission, and filled circles indicate that of p-polarization. For the spectra from the UV-LED without the SWG shown in Fig.   3 (a), a nearly unpolarized emission is observed in the wavelength region from 360 to 400 nm. On the other hand, the spectra from the UV-LED with the SWG show a polarized emission as indicated in Fig. 3(b) . In particular, the polarization ratio, which is defined by s-polarization intensity/ p-polarization intensity, is 4 at the wavelength of 360 nm.
We discuss the optical characteristics of the SWG by using the dispersion relation and and 1+0i for the 360 nm wavelength, respectively. 29) The incident light propagates along the normal direction from the input side to the output side, and the photon energy propagates through only the 0 th -order diffraction light. 20) In the SWG region, Bloch waves exist owing to the spatial periodic distribution of refractive index, and the light propagating through the SWG is composed of eigenmodes. 18, 20) In the model, the AlGaN-SWG has a grating thickness (H) of 150 nm and a filling factor (F) of 0.7, which is defined by the grating bar width (w)/grating pitch () ratio. We also investigated the electromagnetic field distribution in the SWG using a two-dimensional FDTD method in order to clarify the optical propagation characteristics of the Bloch modes. In FDTD simulation, the symmetric model, which was the same as the dispersion analysis model, was employed. Figure 5 shows the cross-sectional view of the symmetric model for the simulation. We assumed that the SWG bar has infinite length along the y-direction. The periodic boundary condition was applied in the x-direction, and the perfectly matched layer (PML) boundary condition was also applied in the z-direction. The spatial mesh size was 2nm, and the incremental time in the simulation was 0.47fs. The incident light was employed as the plane wave with a wavelength of 360 nm and propagated from the input side to the output side, because we assumed that the incident light was the emission from the active region in the LED. The refractive indices of AlGaN and air were the same as those used in the dispersion analysis. The transmitted light intensity was evaluated in the measurement plane using the Poynting vector along the z-direction through the SWG. Figure 6 shows the transmittance through the SWG as a function of the incident wavelength/grating 7 pitch ratio (). Two dips at /=1 and 1.7 for the transmittance spectrum were found for the p-polarization incident wave. The latter indicates the lowest transmittance (4%). The transmittance increases in the region from /=2 to 6 and saturates to a constant value (about 80%). For the s-polarization wave, the dip in transmittance, which
shows the lowest value (about 40%), is obtained at /=1.4. The highest transmittance for the s-polarization wave is found at /=1 (about 97%). The magnetic field distribution in the symmetric model at /=1.7 of the p-polarization wave, namely, the very low transmittance condition, is also shown in Fig. 7 . In this figure, the intensity of magnetic field is normalized by that of source field intensity. White and black regions indicate high field intensity; thus, the regions represent a saturated field intensity. A Bloch wave is found in the SWG region, and only the 0 th -order diffraction light exists on both the input and output sides. The 1 st -and 2 nd -order modes were previously observed to be antiphase in the SWG output plane and would cancel each other. 18, 20, 21) As a result, the magnetic field intensity of the transmitted light was very low. By FDTD simulation, we found that the light behavior differed between the p-and s-polarization waves in the =1 to 2 region. In particular, the ratio of the transmittance of s-polarization to that of p-polarization was 20 at =1.7. Although the actual grating pitch was in the region of the large transmittance difference, the experimental polarization ratio did not agree with simulation results.
In the actual SWG on top of the LED, the effects of high-order diffractions and light absorption on the optical characteristics should be considered. In previous research studies, however, the effects of high-order diffractions and light absorption on the optical characteristics were not examined. The magnetic field distribution in the asymmetric model without light absorption at =1.8 is also shown in Fig. 10 . We found that the modes exist within the SWG and interact with the bulk wave in the input side region. Although only the 0 th -order diffraction exists on the output side of the SWG, higher order diffractions exist in the medium (input side). The origin of higher order diffractions is the distraction of the subwavelength condition in the medium because the bulk wavelength is shorter than the 9 air wavelength. We also found that Bloch waves interact with higher order diffractions in the SWG region.
In addition, we investigated the effects of light absorption due to the poor crystal quality of p-type GaN on the SWG optical characteristics employing the imaginary part refractive index in the asymmetric model. The transmittance in the asymmetric model with light absorption was about half of that without light absorption, and the tendency of transmittance at was the same as that without light absorption. We showed the dependence of the SWG polarization characteristic on the incident light wavelength in 
Conclusions
We demonstrated that a highly polarized emission can be realized from a conventional UV-LED with an SWG structure, and that a polarization ratio (s-polarization/p-polarization) as high as 4:1 can be obtained in the UV region of around 360 nm. We also investigated the effects of higher order diffractions and light absorption on SWG optical characteristics. We found that the SWG optical characteristics, as theoretically, expected, are suitable for the control of UV photonic devices. The PML boundary condition was used for the z-direction, and the periodic boundary condition was also used for the x-direction. The special mesh grid size is 2nm, and the incremental time is 47fs. Fig. 6 . Dependence of the transmittance through the SWG on the grating period and polarization, and F is 0.7. For the p-polarization incidence, the local minimum of 4% is obtained at /=1.7. For the s-polarization incidence, the minimum value of 40% is obtained. As the grating becomes shorter than half of the incident wavelength, the value of the transmittance becomes constant for both p-polarization and s-polarization. In the SWG, the modes exist and interact with the higher order bulk wave. 
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